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PREFACE 
The I n t e r n a t i o n a l  I n s t i t u t e  f o r  Applied Systems Analys i s  
i s  conduct ing r e s e a r c h  t o  c o n t r i b u t e  bo th  concep tua l ly  and i n  
p r a c t i c e  t o  t h e  management o f  environmental  q u a l i t y  and r e sou rces .  
This  paper  is  p a r t  of t h e  I n s t i t u t e ' s  a c t i v i t i e s  on i s s u e s  
r e l a t e d  t o  t h e  a tmospher ic  environment. I t  argues  t h a t  t h e  
i n c r e a s e  of C 0 2  concen t r a t i on  i n  t h e  atmosphere can enhance 
c rop  y i e l d  a s  a r e s u l t  of  t h e  response of pho tosyn the t i c  
p r o d u c t i v i t y  t o  C 0 2  enrichment.  
Janusz Kindle r  
Chairman 
Resources & Environment Area 
ABSTRACT 
Every l e a f  growing i n  t e r r e s t r i a l  ecosys tems  i s  now s u r -  
rounded by a i r  which i s  s u b j e c t  t o  i n c r e a s i n g  C 0 2  c o n c e n t r a t i o n s .  
A s  C02 i s  one  o f  t h e  main s u b s t r a t e s  f o r  p h o t o s y n t h e s i s ,  t h e  
i n c r e a s e  w i l l  i n e v i t a b l y  have  a n  impac t  o n  t h e  p h y s i o l o g i c a l  
p r o c e s s e s  o f  p l a n t s .  The e c o p h y s i o l o g y  o f  C02 u p t a k e  and  
t r a n s p i r a t i o n  i s  b r i e f l y  r ev iewed ,  and  t h e  p o s s i b l e  y i e l d  
r e s p o n s e s  a r e  d i s c u s s e d .  I t  i s  a g r e e d  t h a t  t h e  y i e l d  w i l l  b e  
enhanced a s  a  r e s u l t  o f  t h e  i n c r e a s e  i n  t h e  C02 l e v e l .  However, 
t h i s  improvement may b e  masked by t h e  same f a c t o r s  t h a t  mask 
t h e  y i e l d  improvement o b t a i n e d  t h r o u g h  p l a n t  b r e e d i n g .  The y i e l d  
enhancement i s  t h e r e f o r e  d i f f i c u l t  t o  a s s e s s  by u s i n g  o n l y  h i s -  
t o r i c a l  d a t a .  An a l t e r n a t i v e  approach  i s  proposed ,  which u t i -  
l i z e s  e c o p h y s i o l o g i c a l  e x p e r i m e n t s ,  t ree r i n g  d a t a ,  and  dynamic 
models  o f  p l a n t  e c o l o g y .  
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1 .  I N T R O D U C T I O N  
Carbon d iox ide  has  become an i n t e n s i v e l y  s t u d i e d  environ-  
mental  i s s u e  due t o  i t s  p o t e n t i a l  f o r  c l i m a t i c  change. The 
b a s i s  f o r  t h e  concern i s  t h e  so -ca l l ed  greenhouse e f f e c t .  I t  
imp l i e s  t h a t  an i n c r e a s e  i n  a tmospher ic  C02 c o n c e n t r a t i o n  w i l l  
be followed by an i n c r e a s e  i n  t h e  e a r t h ' s  s u r f a c e  tempera ture  
(Hansen e t  a l .  1981) .  Changes can a l s o  be expec ted  i n  t h e  world 
p r e c i p i t a t i o n  p a t t e r n  (Wigley e t  a l .  1980) .  
The i n c r e a s e  d e t e c t e d  i n  t h e  C02 l e v e l  i s  due t o  two f a c t o r s :  
f o s s i l  f u e l  combustion and t h e  dec rease  i n  world biomass (Bol in ,  
1982) .  I n  o r d e r  t o  p r e d i c t  f u t u r e  C02 l e v e l s ,  s t u d i e s  would be 
r equ i r ed  on ( a )  C02 r e l e a s e s  and ( b )  t h e  r e a c t i o n s  of  p o t e n t i a l  
carbon s i n k s :  atmosphere, b iosphere  and t h e  oceans .  Both of  
t h e s e  problem a r e a s  should  inc lude  c o n s i d e r a t i o n  of  t h e  changes 
i n  p l a n t  biomass. P r e d i c t i o n  of  t h e s e  changes r e q u i r e s  informa- 
t i o n  on pho tosyn thes i s ,  d ry  ma t t e r  growth, and on c u l t i v a t i o n  
p r a c t i c e s  and d e f o r e s t a t i o n .  
This s tudy  d e a l s  wi th  t h e  r e a c t i o n s  of  f i e l d  c rops  t o  a  C02 
enr iched  atmosphere. The scope i s  l i m i t e d  t o  a n a l y s i s  of t h e  
response of  pho tosyn the t i c  p r o d u c t i v i t y  t o  C02 enr ichment ,  i . e . ,  
t h e  impact of t h e  b iosphere  on C02 l e v e l s  i s  n o t  d i scus sed .  The 
aim of  t h i s  s tudy  i s  t o  draw conc lus ions  w i th  r e s p e c t  t o  t h e  
c r o p  y i e l d s  i n  a  C 0 2  e n r i c h e d  a tmosphere .  Th i s  goa l  i s ,  however, 
a t  t h e  p r e s e n t  s t a g e  o f  t h e  work, merely t h e o r e t i c a l .  Only t h e  
d i r e c t  impact  o f  C 0 2  t o  pho to syn the s i s  i s  c o n s i d e r e d .  I n d i r e c t  
f a c t o r s  such a s  t h e  e f f e c t s  o f  t empera tu re  and a l t e r a t i o n s  o f  
growing p e r i o d s  have been d e f e r r e d ,  t o  be d e a l t  w i t h  i n  f u r t h e r  
s t u d i e s .  
I n  S e c t i o n  2, t h e  p h y s i o l o g i c a l  and e c o l o g i c a l  background 
a r e  p r e s e n t e d .  S e c t i o n  3  focuse s  on t h e  q u a n t i t a t i v e  f i g u r e s  
o f  t h e  p r o d u c t i v i t y  o f  f i e l d  c rops .  Th i s  c h a p t e r  a l s o  d e a l s  
w i t h  masking f a c t o r s ,  which a r e  f a c t o r s  t h a t  can  p r e v e n t  s i g n a l s  
o f  t h e  p o t e n t i a l  p r o d u c t i v i t y  enhancement from appea r ing  i n  
d a t a  r e c o r d s .  I n  t h e  l a s t  s e c t i o n ,  an approach i s  sugges t ed  
f o r  f u r t h e r  s t u d i e s  on t h e  C 02 /p roduc t i v i t y  r e l a t i o n s h i p s .  
2. ATMOSPHERIC C 0 2  CONCENTRATION, 
PHYTOSYNTHESIS AND TRANSPIRATION 
Continuous measurements of  a tmospher ic  C 0 2  c o n c e n t r a t i o n s  
have been a v a i l a b l e  s i n c e  1957. These measurements show t h a t  
t h e r e  a r e  s e a s o n a l  v a r i a t i o n s  i n  C 0 2  l e v e l s  and a  c l e a r  i n c r e a s i n g  
t r e n d  i n  a l l  p a r t s  o f  t h e  wor ld  (WMO/ICSU/UNEP 1981, F igu re  1 ) .  
A t  p r e s e n t ,  t h e  annua l  i n c r e a s e  i n  t h e  C 0 2  l e v e l  i s  i n  t h e  o r d e r  
o f  1 .2  p a r t s  p e r  m i l l i o n  (ppm by volume).  The i n c r e a s e  i s  mainly 
due t o  t h e  combustion o f  f o s s i l  f u e l ,  a l t hough  b i o s p h e r i c  
f a c t o r s  ( Bo l i n ,  1977; Wong, 1978; Woodwell, 1978) and perhaps  
n a t u r a l  f l u c t u a t i o n s  (Delmas e t  a l .  1980) a r e  a l s o  i nvo lved .  
D e s p i t e  some u n c e r t a i n t i e s  i n  t h e  wor ld  ca rbon  budge t ,  i t  i s  
commonly assumed t h a t  t h e  i n c r e a s i n g  t r e n d  o f  t h e  C 0 2  l e v e l  i n  
t h e  atmosphere w i l l  c o n t i n u e  f o r  t h e  n e x t  few decades .  The 
e s t i m a t e d  l e v e l  f o r  t h e  p r e i n d u . s t r i a 1  C 0 2  c o n c e n t r a t i o n  i s  
290 ppm (WMO/ICSU/UNEP, 1981 ) . The s e a s o n a l  average  f o r  t h e  
y e a r  1981 w i l l  be ab o u t  340 ppm. I t  has  been e s t i m a t e d  t h a t  
by t h e  y e a r  2050 t h e  l e v e l  w i l l  have reached 400-800 ppm, 
depending on  f u t u r e  energy  s t r a t e g i e s  (Ha fe l e ,  1981) .  
I n  a d d i t i o n  t o  w a t e r ,  carbon d i o x i d e  i s  t h e  main s u b s t r a t e  
f o r  p h o t o sy n t h e s i s .  I t  e n t e r s  p l a n t  l e a v e s  by d i f f u s i o n ,  a long  
t h e  d e c l i n i n g  g r a d i e n t  o f  C 0 2  p a r t i a l  p r e s s u r e  from t h e  ambient  
a i r  t o  t h e  mesophyll t i s s u e .  The p h o t o s y n t h e s i s ,  p ,  can  be 
F i g u r e  1 .  Atmospher ic  C02 c o n c e n t r a t i o n s  (by volume, d r y  a i r )  
( a )  a t  t h e  Mauna Loa O b s e r v a t o r y ,  Hawai i ,  and 
( b )  a t  t h e  Sou th  P o l e  (Reproduced by Broecker  e t  a l .  
1 9 7 9 )  from measurements by K e e l i n g  and h i s  coworkers  
d e s c r i b e d  a s  a  f u n c t i o n  of  ambient  and i n t e r c e l l u l a r  C 0 2  concen- 
t r a t i o n s ,  Ca and Ci r e s p e c t i v e l y ,  and t h e  r e s i s t a n c e  t o  d i f f u s i o n ,  
r ( e . g . ,  Thornley ,  1976) :  
T h i s  e q u a t i o n  i s  ana logous  t o  Ohm's law,  which s t a t e s  t h a t  e l e c -  
t r i c  c u r r e n t  i s  t h e  r a t i o  o f  p o t e n t i a l  d i f f e r e n t  t o  r e s i s t a n c e .  
When t h e  ambient  C 0 2  l e v e l s  i n c r e a s e ,  t h e  p o t e n t i a l  d i f f e r e n c e  
(Ca - Ci )  a l s o  t e n d s  t o  i n c r e a s e  ( e . g . ,  Rosenberg,  1981) .  This  
would r e s u l t  i n  a  r a p i d  i n c r e a s e  i n  p h o t o s y n t h e s i s .  However, a  
q u a n t i t a t i v e  a n a l y s i s  o f  t h e  p h o t o s y n t h e t i c  r e s p o n s e  canno t  
mere ly  b e  b a s e d  on Equa t ion  ( 1 ) .  Both Ci and r a r e  c o n t r o l l e d  
by a c c l i m a t i z a t i o n  mechanisms, and t h e  r e s i s t a n c e ,  r ,  e s p e c i a l l y ,  i s  
h l g h l y  s e n s l t l v e  t o  C 0 2  c o n c e n t r a t i o n s .  
Membranes i n  p l a n t s  a r e  n o t  c a p a b l e  o f  p e r m i t t i n g  C 0 2  i n f l o w  
w i t h o u t  w a t e r  o u t f l o w .  The f lows a r e  c o n t r o l l e d  by mechanisms 
which r e g u l a t e  t h e  a p e r t u r e  o f  s tomata  open ings .  O t h e r  mechanisms 
a r e  a l s o  i n v o l v e d ,  b u t  a r e  n o t  r e l e v a n t  t o  t h e  p r e s e n t  d i s c u s s i o n .  
The a d a p t i v e  p r i n c i p l e  govern ing  s t o m a t a  c a u s e s  a  compromise 
between maximal p h o t o s y n t h e s i s  and minimal t r a n s p i r a t i o n .  The 
t y p i c a l  w a t e r  e x p e n d i t u r e  f o r  f i x i n g  one C 0 2  molecule  i n t o  biomass 
i s  400 molecules  o f  w a t e r  t r a n s p i r e d  ( d e  W i t ,  1 9 5 8 ) .  The r a t i o  
o f  p h o t o s y n t h e s i s  t o  t r a n s p i r a t i o n  i s  c a l l e d  t h e  wa te r -use  e f f i -  
c i e n c y .  A rise i n  a tmospher ic  C 0 2  c o n c e n t r a t i o n  a f f e c t s  t h e  
d r i v i n g  f o r c e  o f  C 0 2  i n f l o w ,  b u t  n o t  t h a t  o f  w a t e r  o u t f l o w .  
Hence w e  c a n  e x p e c t  a n  i n c r e a s e  i n  wa te r -use  e f f i c i e n c y .  The 
i n c r e a s e  w i l l  b e  e i t h e r  due t o  t h e  enhancement of  p h o t o s y n t h e s i s  
o r ,  i f  t h e  s t o m a t a  r e a c t ,  t o  a  d e c r e a s e  i n  t r a n s p i r a t i o n .  Such 
r e a c t i o n s  have  been obse rved  under c e r t a i n  c o n d i t i o n s  (Wong e t  
a l .  1979) .  It i s  assumed t h a t  i n  t h i s  way t h e  p l a n t  m a i n t a i n s  
a  c o n s t a n t  i n t e r c e l l u l a r  C 0 2  l e v e l  c o r r e s p o n d i n g  t o  t h e  c a p a c i t y  
o f  t h e  mesophyll  t i s s u e s  t o  f i x  c a r b o n .  
S h o r t  t e r m  p h y s i o l o g i c a l  s t u d i e s  i n d i c a t e  t h a t  t h e r e  i s  a  
p o s s i b i l i t y  f o r  a n  i n c r e a s e  i n  p h o t o s y n t h e t i c  p r o d u c t i v i t y  w i t h  
i n c r e a s i n g  C 0 2  c o n c e n t r a t i o n s .  ~ j o r k m a n ' s  r e s u l t s  ( s e e  Osmond 
e t  a l .  1980) showed t h a t  p h o t o s y n t h e s i s  and wa te r -use  e f f i c i e n c y  
i n c r e a s e d  i n  L a r r e a  d i v a r i c a t a  by f a c t o r s  o f  1 . 5  and  2 .5 ,  
r e s p e c t i v e l y ,  when t h e  C 0 2  l e v e l  was doub led  ( F i g u r e  2 ) .  But  
c a n  w e  e x p e c t  a n  i n c r e a s e  a l s o  i n  h a r v e s t a b l e  c r o p s ?  T h i s  prob-  
l e m  c a n  b e  a n a l y z e d  i n  two s t e p s ,  by s t u d y i n g  ( 1 )  a  long- t e rm 
p h o t o s y n t h e t i c  r e s p o n s e  i n  f i e l d  c o n d i t i o n s  and  ( 2  t h e  growth 
r e s p o n s e  c o r r e s p o n d i n g  t o  a  g i v e n  change  i n  long- t e rm photo-  
s y n t h e s i s  (Kramer,  198 1 ) . The s t e m  growth  i n  a  S c o t s  p i n e  
h a s  b e e n  found t o  consume less t h a n  10 p e r c e n t  o f  i t s  a n n u a l  
c a r b o n  b u d g e t  ( F i g u r e  3 )  . Hence, t h e  growth  r e s p o n s e  f o r  a  
g i v e n  i n c r e a s e  i n  p h o t o s y n t h e s i s  would p r o b a b l y  be  v e r y  s e n s i t i v e  
t o  t h e  p a t t e r n  of  p h o t o s y n t h a t e  a l l o c a t i o n .  
3. RESPONSE OF PRODUCTIVITY TO C 0 2  BUILD-UP 
3.1 F o r m u l a t i o n  
C 0 2  i s  n o t  known t o  have  t o x i c  e f f e c t s  on  p l a n t  l i f e  a t  low 
c o n c e n t r a t i o n s .  T h i s  s u g g e s t s  t h a t  t h e  g r a d u a l  i n c r e a s e  i n  C 0 2  
l e v e l s  would n o t  c a u s e  d e c l i n i n g  y i e l d  t r e n d s .  However, i f  w e  
e x p e c t  o n l y  a  m a r g i n a l  y i e l d  r e s p o n s e ,  t h e n  t h e  problem would n o t  
d e s e r v e  t h e  a t t e n t i o n  o f  f a r m e r s  o r  f o r e s t e r s .  A r e  t h e r e  any 
grounds  t o  e x p e c t  t h a t  t h e  r e s p o n s e  w i l l  b e  m a r g i n a l ?  What i s  
m a r g i n a l ,  and  what  i s  s i g n i f i c a n t ?  
Growth d a t a  h a s  been  a n a l y z e d  u s i n g  models  w i t h  p h y s i o l o g i c a l -  
l y  d e f i n e d  p a r a m e t e r s  (Charles-Edwards and  F i s h e r ,  1980) . However, 
t h e  q u a n t i f i c a t i o n  o f  i m p o r t a n t  p h y s i o l o g i c a l  p a r a m e t e r s ,  r e q u i r e d  
f o r  s t u d i e s  on  C 0 2  r e s p o n s e s ,  i s  l a c k i n g .  T h e r e f o r e ,  a  more 
s i m p l e  e m p i r i c a l  approach  i s  s e l e c t e d  (Bacastow a n d  K e e l i n g ,  
1973) . Denote 
t i m e  by t,  
ambien t  C 0 2  c o n c e n t r a t i o n  by C a ( t )  , 
y i e l d  c o r r e s p o n d i n g  t o  t h e  ambien t  C 0 2  by Y C a ( t )  
r e f e r e n c e  C 0 2  c o n c e n t r a t i o n  by C o t  
r e f e r e n c e  y i e l d  by Yo,  and 
" b i o t i c  growth  f a c t o r "  by 6 .  
The y i e l d  i n  a g i v e n  ambien t  c o n c e n t r a t i o n  c a n  b e  a n a l y z e d  
rough ly  as 
' ~ a  
( t)  = Yo ( 1  + Bln (Ca ( t ) / C o )  . 
F i g u r e  2. E x p e r i m e n t a l l y  d e t e r m i n e d  r e s p o n s e s  o f  p h o t o s y n t h e s i s ,  
t r a n s p i r a t i o n  and  w a t e r  u se  e f f i c i e n c y  t o  s h o r t - t e r m  
i n c r e a s e s  o f  ambien t  C02 p r e s s u r e  f o r  t h e  C3 s p e c i e s  
L a r r e a  d i v a r i c a t a .  (From 0. Bjdrkman 's  measurements ,  
Osmond e t  a l .  1 9 8 0 ) .  
Figure 3. Annual utilization of photosynthates in a 14-year-old 
Scots pine. R is respiration and G is growth 
(igren et al. 1980). 
The b i o t i c  growth f a c t o r ,  B ,  can  be i n t e r p r e t e d  a s  t h e  p e r c e n t a g e  
i n c r e a s e  i n  y i e l d  corresponcl.ing t o  a  1  p e r c e n t  i n c r e a s e  i n  t h e  
d Y ~ a  C02 l e v e l .  The d e r i v a t i v e  - dC d e c r e a s e s  s l i g h t l y  w i t h  i n c r e a s i n g  
C02 c o n c e n t r a t i o n  w i t h i n  t h e  range  290-1000 ppm ( F i g u r e  4 ) .  
Equa t ion  ( 2 )  makes it p o s s i b l e  t o  d e f i n e  t h a t  a  v a l u e  f o r  
6 5 0 .5 ,  would r e s u l t  i n  y i e l d  i n c r e a s e s  comparable t o  t h o s e  
a t t a i n e d  th rough  p l a n t  b r e e d i n g  a c t i v i t i e s .  For  example,  t h e  
r a t h e r  i n t e n s i v e  tree b r e e d i n g  program o f  F i n l a n d  has  been ex- 
p e c t e d  t o  g i v e  a  10-15 p e r c e n t  i n c r e a s e  i n  t i m b e r  y i e l d  w i t h i n  
one t ree g e n e r a t i o n  (Tree  b r e e d i n g  commit tee ,  1 9 7 5 ) .  
3.2 Arguments f o r  Marginal  Response 
There a r e  ve ry  few q u a n t i t a t i v e  r e s u l t s  on long- term respon- 
ses o f  y i e l d  t o  v a r y i n g  C02 l e v e l s  i n  t h e  l i t e r a t u r e .  T h e r e f o r e ,  
it i s  r a t h e r  d i f f i c u l t  t o  d i s t i n g u i s h  between t h e  arguments  sup- 
p o r t i n g  t h e  view B 7 0 .1 ,  and t h o s e  s u g g e s t i n g  t h a t  B 5 0 .5 .  
The judgment made h e r e  may sometimes b e  i n a c c u r a t e  i n  s p i t e  o f  
t h e  f a c t  t h a t  t h e  i n t e r m e d i a t e  r ange  0.1 < B < 0 .5  i s  o m i t t e d .  
I t  i s  a l s o  wor th  ment ion ing  t h a t  t h e  aim i s  t o  p r e s e n t  t h e  argu- 
ments ,  and n o t  t h e  c o n c l u s i o n s  p u t  forward  i n  d i f f e r e n t  p u b l i c a -  
t i o n s .  
The b a s i c  t h e o r e t i c a l  c o n c e p t  s u p p o r t i n g  t h e  marg ina l  res- 
ponse i s  L i e b i g ' s  law o f  minimum y i e l d  f a c t o r .  I t  s t a t e s  t h a t  
t h e r e  i s  always  one c r i t i c a l  f a c t o r  l i m i t i n g  p l a n t  growth.  The 
y i e l d  c a n ,  t h e r e f o r e ,  be  improved o n l y  by a f f e c t i n g  t h i s  f a c t o r .  
S i n c e  it  i s  obvious  t h a t  e i t h e r  i r r a d i a n c e ,  w a t e r  s h o r t a g e  o r  
one o f  t h e  15-20 n u t r i e n t s  n e c e s s a r y  normal ly  a c t  a s  t h e  l i m i t i n g  
f a c t o r ,  C02 c o n c e n t r a t i o n  can  o n l y  a f f e c t  growth i n  s p e c i a l  c a s e s .  
The s i g n i f i c a n t  r e s p o n s e  f r e q u e n t l y  found i n  greenhouse  c u l t i v a -  
t i o n  ( e . g . ,  ~ g r d h ,  1966) i s  i n  agreement  w i t h  t h i s  t h e o r y ,  a s  
t h e  o t h e r  growth f a c t o r s  a r e  m a i n t a i n e d  a t  optimum l e v e l s .  I t  
h a s  a l s o  been n o t e d  t h a t  i n  greenhouses  w i t h o u t  C02 e n r i c h m e n t ,  
p h o t o s y n t h e s i s  w i l l  reduce  t h e  C02 l e v e l  down t o  v a l u e s  a s  low a s  
100 ppm (Goudrian and A j t a y ,  1979) .  Under f i e l d  c o n d i t i o n s ,  
where t u r b u l e n t  gas  exchange w i t h  t h e  atmosphere i s  e f f e c t i v e ,  
t h e  C02 c o n c e n t r a t i o n  i s  n o t  u s u a l l y  lower  t h a n  250 ppm. I t  
C02 CONCENTRATION, VPM 
F i g u r e  4 .  Y i e l d  c a l c u l a t e d  f rom E q . ( 2 )  a t  v a r y i n g  C 0 2  c o n c e n t r a t i o n s .  
P r e i n d u s t r i a l  c o n c e n t r a t i o n  i s  t a k e n  as a  r e f e r e n c e  p o i n t  
w i t h  a r e l a t i v e  y i e l d  v a l u e  o f  1 . 0  
h a s  been a rgued  t h a t  t h e  lower c o n c e n t r a t i o n  i n  t h e  greenhouse  
(100 ppm) l i m i t s  p r o d u c t i o n  b u t  t h e  h i g h e r  f i e l d  c o n c e n t r a t i o n  
(250 ppm) would n o t  do s o .  
Neales  and  N i c h o l l s  (1978) r e p o r t  a  s t r o n g  i n t e r a c t i o n  
between t h e  C02-growth-response and p l a n t  a g e .  I n  t h i s  s t u d y  
t h e  growth o f  10-day-old wheat p l a n t s  was i n c r e a s e d  by 35 p e r c e n t  a s  
t h e  C 0 2  l e v e l  was moved up t o  800 ppm. However, w i t h  24-day-old 
p l a n t s  t h e  growth was reduced by 4 4  p e r c e n t  o v e r  t h e  same C 0 2  
r a n g e .  
Maize and s u g a r c a n e  a r e  examples o f  t h e  s o - c a l l e d  C4 p l a n t s ,  
which have a  d i f f e r e n t  p h o t o s y n t h e t i c  pathway from o r d i n a r y  C 3  
p l a n t s  (see Black,  1 9 7 3 ) .  The C4 p l a n t s  a r e  a b l e  t o  f i x  ca rbon  
e f f i c i e n t l y  a t  e s s e n t i a l l y  lower  C 0 2  l e v e l s  t h a n  t h e  C 3  p l a n t s .  
They w i l l  t h e r e f o r e  b e n e f i t  from i n c r e a s i n g  C 0 2  c o n c e n t r a t i o n s  
o n l y  a s  a  r e s u l t  o f  a  d e c l i n e  i n  t h e  w a t e r  r e q u i r e m e n t s .  
A t t i w i l l  (1971 ) h a s  p o i n t e d  o u t  t h a t  a n  i n c r e a s e d  r a t e  o f  
a s s i m i l a t i o n  may i n c r e a s e  t h e  r a t e  a t  which a  mature  s t a n d  
d e v e l o p s  r a t h e r  t h a n  t h e  amount o f  biomass a t  t h e  end  o f  a  
f o r e s t  s u c c e s s i o n .  I n  o t h e r  words, a  s t a n d  i n  a  C 0 2  e n r i c h e d  
a tmosphere  would q u i c k l y  r e a c h  i t s  mature  phase  b u t  a f t e r  t h i s  
q u i c k  development  t h e r e  would o c c u r  an e a r l y  growth c e s s a t i o n .  
I f  t h i s  i s  t r u e ,  t h e n  t h e  i n c r e a s e d  a s s i m i l a t i o n  would n o t  y i e l d  
a  n e t  i n c r e a s e  i n  t h e  amount o f  ca rbon  s t o r e d  by ecosys tems .  
This  i s  a n  i m p o r t a n t  p o i n t  i n  c o n s i d e r i n g  t h e  r o l e s  o f  b i o s p h e r e ,  
a tmosphere  and ocean  a s  a l t e r n a t i v e  C 0 2  s i n k s  (Woodwell, 1 9 7 8 ) .  
Independen t ly  o f  d i r e c t  e c o l o g i c a l  measurements ,  H a l l  e t  
a l .  (1975) s t u d i e d  t h e  problem o f  y ie ld-C02-response  by a n a l y z i n g  
t h e  s e a s o n a l  v a r i a t i o n  i n  t h e  a tmospher ic  C 0 2  c o n c e n t r a t i o n .  The 
measurements w e r e  t a k e n  from t h e  Mauna Loa d a t a  ( F i g u r e  1  (a) ) .  
The a n a l y s i s  was b a s e d  on t h e  r e a s o n i n g  t h a t  an  enhanced b i o t i c  
a c t i v i t y  s h o u l d  a p p e a r  a s  a n  i n c r e a s e  i n  t h e  s e a s o n a l  C 0 2  v a r i a -  
t i o n .  No such  i n c r e a s e  was found.  
3 . 3  Arguments f o r  S i g n i f i c a n t  Response 
A s  a n  e x t e n s i o n  of L i e b i g ' s  law o f  o n l y  one  l i m i t i n g  f a c t o r ,  
Verduin (1952) p o i n t e d  o u t  t h a t  p h o t o s y n t h e s i s  i s  a p r o c e s s  which 
i s  o f t e n  r e g u l a t e d  by numerous f a c t o r s  s i m u l t a n e o u s l y .  F u r t h e r -  
more, t h e s e  c o l i m i t i n g  f a c t o r s  t e n d  t o  i n f l u e n c e  p h o t o s y n t h e s i s  
i n  an  i n t e r a c t i v e  way. Exper iments  s u p p o r t  t h i s  view (Koch, 
1969; Gross ,  1976; Ho, 1977; Green and  Wright ,  1977; a n d  Enoch 
and Sachs ,  1 9 7 8 ) ,  which h a s  a l s o  been i n t r o d u c e d  i n t o  t h e  mathe- 
m a t i c a l  models f o r  p h o t o s y n t h e s i s  (Thorn ley ,  1976) . A l l  t h e s e  
s t u d i e s  d e a l  w i t h  s h o r t - t e r m  p h o t o s y n t h e s i s .  Many f a c t o r s  c a n  
s u p p r e s s  t h i s  behav iour  i n  long- term growth,  s i n c e  growth i s  
r e l a t e d  t o  s h o r t - t e r m  p h o t o s y n t h e s i s  i n  a c o m p l i c a t e d  way 
(Kramer, 1981) . However, i n  G i f f o r d ' s  e x p e r i m e n t s  (1977,  1979) 
t h e  r e l a t i v e  growth enhancement due t o  i n c r e a s e d  C02 c o n c e n t r a -  
t i o n  w a s  found t o  be t h e  g r e a t e s t  i n  nonopt imal  l i g h t  and w a t e r  
c o n d i t i o n s .  I n  t h e s e  s t u d i e s  wheat  w a s  grown i n  e n r i c h e d  and 
d e p l e t e d  C02 c o n c e n t r a t i o n s  w i t h  v a r y i n g  l i g h t  climate o r  w a t e r  
s t r e s s  c o n d i t i o n s .  The exper iments  l a s t e d  f o r  t h e  whole l i f e -  
t i m e  o f  t h e  s t a n d s  and t h e  r e s u l t s  w e r e  measured i n  t e r m s  o f  
p h o t o s y n t h e s i s  and g r a i n  y i e l d  ( F i g u r e  5 ) .  
G i f f o r d  ( 1979) a l s o  found i n t e r a c t i o n s  between t h e  growth 
r e s p o n s e  and t h e  s t a g e  o f  p l a n t  development ( c . f .  Neales and 
N i c h o l l s ,  1 9 7 8 ) .  I n  t h i s  c a s e ,  young p l a n t s  e x h i b i t e d  a lower  
r e s p o n s e  t o  C02 c o n c e n t r a t i o n  compared t o  o l d  p l a n t s .  The 
i n h i b i t i o n  of  growth a t  t h e  e a r l y  s t a g e  was obv ious  b u t  it d i d  
n o t  govern t h e  r e s p o n s e  f o r  t h e  whole s e a s o n .  The a b i l i t y  o f  
p l a n t s  t o  p r o c e s s  p h o t o s y n t h a t e s  f u r t h e r  may, i n d e e d ,  occas ion-  
a l l y  be r e s t r i c t e d .  This  might  e x p l a i n  why t h e  r e s p o n s e  i s  t h e  
g r e a t e s t  i n  subop t imal  c o n d i t i o n s .  The poo l  o f  p h o t o s y n t h a t e s  
would t h e n  t e n d  t o  remain s m a l l  due t o  t h e  modera te  photosynthe-  
sis and t h e  r e l a t i v e l y  h i g h  r e s p i r a t o r y  demand. 
The biomass s t o r a g e  i s  o f  i n t e r e s t  as a n  a l t e r n a t i v e  ca rbon  
lock-up ( A t t i w i l l ,  1971) . But from t h e  v iewpoin t  o f  t h e  f o r e s t r y  
s e c t o r  t h e  key p a r a m e t e r  i s  n o t  t h e  amount o f  biomass b u t  t h e  
r a t e  o f  biomass p r o d u c t i o n .  T h i s  rate c a n  i n c r e a s e  e i t h e r  w i t h  
o r  w i t h o u t  an i n c r e a s e  i n  f o r e s t  biomass.  C o n s t a n t  y i e l d s  w i t h  
F i g u r e  5 .  Response o f  t h e  g r a i n  y i e l d  o f  wheat  t o  a  250 ppm 
e n r i c h m e n t  which  l a s t e d  f o r  t h e  whole growing s e a s o n .  
The y i e l d  i n c r e m e n t  i s  e x p r e s s e d  p e r  t h e  c u r r e n t  
a n n u a l  C 0 2  i n c r e a s e  ( 1 . 2  ppm). Measured v a l u e s - s o l i d  
l i n e ,  and c a l c u l a t e d - d o t t e d  l i n e ;  c a l c u l a t i o n  made 
w i t h  E q .  ( 2 )  and  B-value o f  0 . 5 .  (From G i f f o r d ,  1979) 
s h o r t e n i n g  r o t a t i o n  p e r i o d s  a r e  j u s t  a s  v a l u a b l e  a s  i n c r e a s i n g  
y i e l d s  a t  c o n s t a n t  r o t a t i o n s .  
The a m p l i t u d e  o f  t h e  s e a s o n a l  v a r i a t i o n  i n  t h e  g l o b a l  C 0 2  
c o n c e n t r a t i o n  h a s  n o t  i n c r e a s e d  ( H a l l  e t  a l .  1 9 7 5 ) .  However, 
t h i s  i s  a  f a c t  which i s  o n l y  vaguely  connec ted  t o  p r o d u c t i v i t y .  
Assuming t h a t  t h e r e  i s  no enhancement i n  p h o t o s y n t h e s i s ,  t h e  
v a r i a t i o n  s h o u l d  a c t u a l l y  be  d e c l i n i n g  due  t o  d e f o r e s t a t i o n  
( G i f f o r d ,  1981) .  Another  approach i n  s t u d y i n g  t h e  r e s p o n s e  o f  
p r o d u c t i v i t y  t o  t h e  s e a s o n a l  C 0 2  v a r i a t i o n  h a s  been  t a k e n  by 
Rosenberg ( 1981 ) . H i s  e v i d e n c e  i n d i c a t e s  t h a t  a  d e p r e s s i o n  
o c c u r s  i n  t h e  p h o t o s y n t h e s i s  o f  f i e ld -g rown a l f a l f a  when t h e  
r e g i o n a l  ambient  C02-concen t ra t ion  i s  a t  i t s  l o w e s t .  
3.4 H i s t o r i c a l  Evidence  
W e  can c o n s i d e r  t h e  p r e i n d u s t r i a l  a tmospher ic  C02-concentra-  
t i o n ,  290 ppm, a s  t h e  p o i n t  o f  r e f e r e n c e .  With a  B-value o f  
0 .5  i n  Equa t ion  ( 2 ) ,  t h e  340 ppm o f  t o d a y  would g i v e  7  p e r c e n t  
h i g h e r  y i e l d s  compared t o  t h o s e  a t  t h e  end o f  t h e  1 9 t h  c e n t u r y .  
I f  t h i s  i s  t r u e ,  one  would e x p e c t  t h a t  such  a  r a t h e r  h i g h  i n c r e a s e  
would b e  obv ious  i n  h i s t o r i c a l  c r o p  and f o r e s t  p r o d u c t i o n  d a t a .  
These series,  however,  c o n t a i n  a l s o  o t h e r  t r e n d - i n d u c i n g  f a c t o r s .  
Th i s  i s  i l l u s t r a t e d  w i t h  t h e  f o l l o w i n g  examples.  
Annual n e t  growth o f  t h e  f o r e s t s  o f  t h e  Uni ted  S t a t e s  h a s  
i n c r e a s e d  a t  a  s u r p r i s i n g l y  h i g h  r a t e  ( F i g u r e  6 ) .  On t h e  b a s i s  
o f  t h e s e  d a t a ,  t h e  t o t a l  annua l  t i m b e r  growth h a s  i n c r e a s e d  by 
a b o u t  350 p e r c e n t  i n  t h e  57 y e a r  p e r i o d  from 1920 t o  1977. This  
i n c r e a s e  i s  more t h a n  15 t i m e s  g r e a t e r  t h a n  t h a t  e x p e c t e d  from 
t h e  i n c r e a s i n g  C 0 2  l e v e l s ,  u s i n g  t h e  above assumpt ions .  The 
main reason  f o r  t h e  y i e l d  i n c r e a s e  i s  c l e a r .  V i r g i n  f o r e s t s  do 
n o t  have much n e t  growth.  N e t  growth,  i r ,  t h e  s e n s e  it  i s  under- 
s t o o d  i n  t h i s  a r t i c l e  (Clawson, 1 9 7 9 ) ,  i s  p o s s i b l e  o n l y  a f t e r  
t h e  o r i g i n a l  s t a n d s  a r e  opened up by h a r v e s t i n g .  O t h e r  f a c t o r s  
such a s  a  n e t  change i n  f o r e s t  a r e a ,  f e r t i l i z a t i o n  and t r e e  
b r e e d i n g  a r e  a l s o  i n v o l v e d  i n  North American f o r e s t r y  b u t  t h e y  
a r e  l e s s  i m p o r t a n t .  C o n s i d e r i n g  t h i s  background it i s  under- 
s t a n d a b l e  t h a t  a  p o t e n t i a l  enhancement of  7  p e r c e n t  i n  growth 
i s  d i f f i c u l t  t o  d e t e c t  from f o r e s t  y i e l d  r e c o r d s .  T h i s  becomes 
even more e v i d e n t  when t h e  r e p e a t e d  and s e r i o u s  u n d e r e s t i m a t i o n  
o f  t i m b e r  growth i s  c o n s i d e r e d  ( F i g u r e  6 )  . The p o s s i b l e  e f f e c t  
o f  C 0 2  bui ld -up  i s  e a s i l y  " h i d d e n " ,  n o t  o n l y  w i t h i n  t h e  g e n e r a l  
i n c r e a s i n g  t r e n d ,  b u t  a l s o  w i t h i n  any o f  t h e  f i v e  d i f f e r e n t  qaps  
between p r e d i c t e d  and a c t u a l  t i m b e r  growth.  
T r e e  growth d a t a  f o r  t h e  USA i s  n o t  e x c e p t i o n a l  f o r  f o r e s t s  
s u b j e c t e d  t o  modern s i l v i c u l t u r e .  S i m i l a r  p a t t e r n s  have been 
documented from F i n n i s h  f o r e s t s  t h i s  c e n t u r y .  The growth i n c r e a s e  
c u r v e  w i l l  become s a t u r a t e d  o r  a t  l e a s t  f o l l o w  a  more g r a d u a l  
s l o p e  a s  soon a s  t h e  age  s t r u c t u r e  o f  t h e  s t a n d s  r e a c h e s  t h e  
optimum. H a r v e s t  management i s  t h e n  no l o n g e r  an o v e r r u l i n g  
f a c t o r .  
N a t i o n a l  a v e r a g e  wheat  y i e l d s  f o r  A u s t r a l i a  o v e r  t h e  p e r i o d  
1957-1976 a l s o  show an i n c r e a s e ,  b u t  w i t h  a  v e r y  g r a d u a l  s l o p e  
( F i g u r e  7 ) .  I n  t h e s e  d a t a  t h e r e  i s  less room f o r  t h e  C 0 2  res- 
ponse ,  e s p e c i a l l y  a s  p l a n t  b r e e d e r s  have  c o n t i n u o u s l y  produced 
more e f f i c i e n t  s t r a i n s .  I t  i s  wor th  n o t i c i n g  t h a t  t h e  a v e r a g e  
y i e l d  i s  r a t h e r  low compared t o  t h e  e x p e r i m e n t a l  y i e l d s  shown 
i n  F i g u r e  5.  Such a  d i f f e r e n c e  f r e q u e n t l y  o c c u r s  d u r i n g  e x p e r i -  
m e n t a t i o n .  I n  t h i s  c a s e ,  it i s  n o t  a p p r o p r i a t e  t o  e x p e c t  t h a t  
t h e  h igh  C 0 2  r e s p o n s e  found by G i f f o r d  (1979)  a t  "low" y i e l d  
l e v e l s  ( F i g u r e  5 )  s h o u l d  b e  found i n  p r a c t i c e .  The "low" y i e l d  
i n  t h e  exper iment  was induced  by d rough t  which p e r s i s t e d  f o r  a  
l o n g  t i m e ,  w h i l e  t h e  d a t a  set  o f  F i g u r e  7  a v e r a g e s  o v e r  many 
f a c t o r s  such a s  d i s e a s e  and p e s t  damage, l o c a l  y i e l d  l o s s e s ,  
nonopt imal  t i m i n g  o f  o p e r a t i o n s ,  e t c .  
3.5 Masking F a c t o r s  
F i g u r e  6  showing t h e  n e t  growth o f  U.S. f o r e s t s  i l l u s t r a t e s  
c l e a r l y  how management governs  t h e  r a t e  a t  which biomass i s  pro-  
duced.  I t  i s  p o s s i b l e  t o  g a i n  more growth w i t h  c a r e f u l  management. 
I t  i s  a l s o  p o s s i b l e  t o  d e c r e a s e  growth o r  even t o  l o s e  it t o t a l l y  
w i t h  poor  management. The u l t i m a t e  form o f  poor  management i s  
d e f o r e s t a t i o n .  A d e s t r o y e d  ecosys tem w i l l  i n  no c i r c u m s t a n c e s  
g a i n  from e n r i c h e d  C 0 2  l e v e l s .  I n  t h e  f u t u r e ,  f a c t o r s  such a s  
a c i d  r a i n ,  and d e c r e a s e d  ozone l e v e l s  w i l l  a l s o  t h r e a t e n  f o r e s t  
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F i g u r e  7 .  The n a t i o n a l  a v e r a g e  commerc ia l  whea t  y i e l d s  i n  
A u s t r a l i a  p l o t t e d  a s  3-year  r u n n i n g  means f rom 
1958 t o  1977 ( G i f f o r d ,  1979)  
ecosys t ems .  I r r i g a t i o n ,  f e r t i l i z a t i o n  and  new b r e e d s ,  on  t h e  
o t h e r  hand ,  h a v e  b e e n  known t o  i n c r e a s e  y i e l d  l e v e l s .  Hence, 
t h e y  c a n  a l s o  mask a C 0 2  i n d u c e d  t r e n d  i n  y i e l d  r e c o r d s , .  
I n  many r e s p e c t s ,  t h e  p o t e n t i a l  C02- induced  t r e n d  i s  s imi la r  
t o  t h e  t r e n d  a c h i e v e d  by p l a n t  b r e e d i n g .  Most o f  t h e  masking 
f a c t o r s  l i s t e d  above  c a n  a l s o  h i d e  t h e  i n c r e a s e d  y i e l d  p o t e n t i a l  
o f  t h e  s t r a i n s  b r e d .  Trends  f rom b o t h  C 0 2  l e v e l s  a n d  t h e  b r e e d i n g  
a c t i v i t y  may r e s u l t  i n  p o t e n t i a l  i n c r e a s e s  o f  t h e  same magn i tude .  
The C 0 2  t r e n d  d e s e r v e s  i n c r e a s e d  a t t e n t i o n  a l s o  from p l a n t  b reed -  
ers,  e s p e c i a l l y  t ree b r e e d e r s .  A t ree  p l a n t e d  now i s  l i k e l y  
t o  spend  i t s  most  p r o d u c t i v e  y e a r s  i n  C 0 2 - c o n c e n t r a t i o n s  o f  400 
t o  450 ppm. I n  one  r e s p e c t ,  t h e  C02-induced t r e n d  i s  p o t e n t i a l l y  
more i m p o r t a n t  t h a n  t h e  o n e  a c h i e v e d  t h r o u g h  t ree b r e e d i n g ,  a s  it 
a f f e c t s  e v e r y  p l a n t  on  e a r t h ,  n o t  o n l y  t h e  s p e c i a l l y  b r e d  s t r a i n s .  
4 .  PROPOSED APPROACH FOR FURTHER STUDIES 
Problem-or ienbed  r e s e a r c h  on t h e  e f f e c t  o f  i n c r e a s i n g  C 0 2  
c o n c e n t r a t i o n  on c r o p  y i e l d s  s h o u l d  u t i l i z e  a l l  a v a i l a b l e  m a t e -  
r i a l s .  T h i s  would n o t  b e  p o s s i b l e  w i t h o u t  a  t h e o r e t i c a l  f rame- 
work c a p a b l e  o f  combining  t h e  r e s u l t s  f rom d i f f e r e n t  f i e l d s  o f  
r e s e a r c h .  F i g u r e  8  i l l u s t r a t e s  a n  a p p r o a c h  d e s i g n e d  t o  t a k e  
i n t o  a c c o u n t  t h i s  c o n s i d e r a t i o n .  
An a n a l y s i s  o f  t h e  d i f f e r e n t  growth  f a c t o r s  a f f e c t i n g  a  
s i n g l e  c r o p  i s  a l r e a d y  a r a t h e r  c o m p l i c a t e d  p rob lem ( C h a r l e s -  
Edwards and  F i s h e r ,  1 9 8 0 ) .  H i s t o r i c a l  y i e l d  r e c o r d s  are a v e r a g e  
v a l u e s  f o r  t h o u s a n d s  o f  c r o p s ,  which makes s u c h  a n  a n a l y s i s  a l m o s t  
i m p o s s i b l e .  However, t h e  t i m e  series o f  y i e l d s  w i t h  d i f f e r e n t  
s p e c i e s  a n d  d i f f e r e n t  c l imat ic  r e g i o n s  would s e r v e  a s  o n e  b a s i s  
f o r  s t u d y i n g  t h e  i m p a c t  o f  i n c r e a s i n g  C 0 2  l e v e l  on y i e l d s .  T h i s  
k i n d  o f  d a t a  i s  e s p e c i a l l y  needed  f o r  s t u d i e s  on  t h e  i m p o r t a n c e  
o f  t h e  p o t e n t i a l  t r e n d  i n  r e l a t i o n  t o  t h e  d i f f e r e n t  masking f a c -  
t o r s .  Y i e l d  r e c o r d s  a r e  a v a i l a b l e  f rom many c o u n t r i e s  and  many 
s p e c i e s .  They s h o u l d  b e  c o l l e c t e d  f o l l o w i n g  a c a r e f u l l y  d e s i g n e d  
p l a n  i n  o r d e r  t o  e n s u r e  t h a t  o n l y  r e l i a b l e  t i m e  ser ies  and  i n t e r e s t -  
i n g  r e g i o n s  a r e  i n c l u d e d .  A wide  v a r i e t y  o f  s p e c i e s  s h o u l d  b e  
i n c l u d e d  f rom b o t h  f o r e s t s  and  a g r i c u l t u r a l  e c o s y s t e m s  f rom c o o l  
a n d  warm climates,  a n d  f rom humid a s  w e l l  a s  a r i d  sites.  

E c o p h y s i o l o g i c a l  e x p e r i m e n t s  can  b e  u s e d  t o  t e s t  t h e  b a s i c  
h y p o t h e s i s .  More e x p e r i m e n t s  a r e  r e q u i r e d  e s p e c i a l l y  i n  o r d e r  
t o  s t u d y  i n t e r a c t i v e  growth r e s p o n s e s  o f  t h e  C02 c o n c e n t r a t i o n  
on t h e  one  hand ,  and  d r o u g h t ,  m i l d  c l i m a t e  and  n u t r i e n t s  on  
t h e  o t h e r .  Key e x p e r i m e n t s  have  s o  f a r  been  conduc ted  on wheat .  
O t h e r  s p e c i e s ,  i n c l u d i n g  woody p l a n t s ,  s h o u l d  b e  s t u d i e d  a s  soon  
a s  p o s s i b l e .  The main emphas is  s h o u l d  b e  l a i d  on  e x p e r i m e n t s  
l a s t i n g  l o n g e r  t h a n  1-2 weeks,  o t h e r w i s e  t h e  h y p o t h e s e s  c o n c e r n i n g  
f eedback  p r o c e s s e s  c a n n o t  b e  t e s t e d .  
T r e e  r i n g  d a t a  h a s  s o  f a r  been u s e d  ma in ly  f o r  s t u d y i n g  growth 
f l u c t u a t i o n s .  The o b j e c t i v e  i n  t h i s  c a s e  h a s  been ,  f o r  example,  
t o  g e n e r a t e  m i s s i n g  c l i m a t i c  r e c o r d s  f o r  t h e  p a s t  c e n t u r i e s  
( e . g . ,  G a r f i n k e l  and  Brubaker ,  1 9 8 0 ) ,  o r  t o  u n d e r s t a n d  t h e  
mechanisms o f  f l u c t u a t i o n s  i n  o r d e r  t o  improve f o r e s t r y  p r a c t i c e s  
( P o h t i l a ,  1 9 8 0 ) .  L e s s  a t t e n t i o n  h a s  been  p a i d  t o  r e v e a l i n g  t h e  
p o t e n t i a l  t r e n d s .  Sampling w i l l  b e  more d i f f i c u l t  when t r e n d s  
a r e  s t u d i e d  i n s t e a d  o f  f l u c t u a t i o n s .  A t r e n d  i s  more s e n s i t i v e  
t o  t h e  s t a n d  d e n s i t y  t h a n  i s  t h e  y e a r - t o - y e a r  v a r i a t i o n  (Mikola,  
1 9 5 0 ) .  However, t h e r e  a r e  some p o s s i b l e  ways o f  overcoming t h i s  
d i f f i c u l t y .  One s i m p l e  way i s  t o  select o l d  dominant  trees t h a t  
a r e  known t o  have  grown i n  a  p r a c t i c a l l y  c o n s t a n t  env i ronment  
f o r  decades  ( F r a n c e y ,  1 9 8 1 ) .  Another  method i s  t o  e x t e n d  t h e  
d a t a  b a s e  i n  o r d e r  t o  a v e r a g e  o u t  t h e  s t a n d - t o - s t a n d  v a r i a t i o n .  
I n  any  c a s e ,  t ree r i n g  s t u d i e s ,  a s  w e l l  a s  t h o s e  a n a l y z i n g  h i s -  
t o r i c a l  d a t a  r e c o r d s ,  a r e  s e n s i t i v e  t o  b i a s e d  sampl ing .  I t  i s  
worth  n o t i n g  t h a t  by s e l e c t i n g  t h e  d a t a  se t ,  a  r e s e a r c h e r  c a n  
a l s o  select  t h e  c o n c l u s i o n s .  T h e r e f o r e ,  s p e c i a l  a t t e n t i o n  i s  
needed i n  p l a n n i n g  a n  u n b i a s e d  sampl ing  p r o c e d u r e .  
A p a r t  from d i r e c t  measurements  t h e  r e s e a r c h e r  c a n  a l s o  
u t i l i z e  m a t h e m a t i c a l  m o d e l l i n g .  The model d e p i c t e d  i n  F i g u r e  9  
c a n  b e  used ,  e s p e c i a l l y  f o r  s e n s i t i v i t y  a n a l y s e s .  The b a s i c  
e l e m e n t  o f  t h e  model i s  one  tree; i n t e r a c t i o n  be tween trees i s  
i n t r o d u c e d  t h r o u g h  changes  i n  t h e  env i ronment  (g rowth- shad ing ,  
pho tosyn thes i s -C02  d e p l e t i o n ) .  I n  t h i s  way t h e  t ree  model i s  
e x t e n d e d  t o  a c t  a s  a  s t a n d  model.  The model c a n  b e  i d e n t i f i e d  
h i e r a r c h i c a l l y  f o r  i n s t a n t a n e o u s  and  s e a s o n a l  t i m e  s c a l e s .  F i n a l l y ,  
the model s h o u l d  be  e x t e n d e d  t o  c o v e r  t h e  whole l i f e  c y c l e  o f  t h e  







